tween displacement and charge illustrated by Fig. 3(a) , suggests that the rate-independent hysteresis lies solely in the electric_il domain between the applied actuator voltage and resulting charge. . Force-displacement behavior of a single elasto-slide element lationship between magnetic field strength and flux density in a hard magnetic material. In these and in most physical systems, this hysteretic behavior is the result of energy storage that is fundamentally coupled to rate-independent dissipation. Mechanically, such behavior could be modeled by the combination of an ideal spring, which represents pure energy-storage, coupled to a pure Coulomb friction element, which represents rateindependent dissipation. This analogy is the basis for describing the static hysteresis exhibited by the piezoelectric actuator. Fig. 5 illustrates a single elasto-slide element which consists of a massless linear spring and a massless block that is subjected to Coulomb friction. The constitutive behavior of this element can be described by:
where x is the input displacement, F is the output force, k is the stiffness of the spring.f = gN is the breakaway friction force of the block, and xb is the position of the block. For a displacement input of sufficient amplitude, the relationship between the applied force and the endpoint displacement will exhibit rudimentary hystcrctic behavior. If several of these elasto-slide elements arc put in parallel, each subjected to an incrementally larger norm:d force (i.e., each has an incrementally larger breakaway fl_rce), the simple relationship of Fig. 5 ear approximation of rate-independent hysteresis, as illustrated in Fig. 6 . This construction was initially formulated by the mathematician and physicist James C. Maxwell in the mid-. 1800s, and in the limit as the number of elasto-slide elements becomes infinite, the model is referred to as Generalized Maxwell Slip [9] . The constitutive behavior of the system in Fig. 6 conraining n elasto-slide elements can be described by:
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where x is the input displacement, F is the output force, and Ft, kl, fi, andx_ are the output force, spring stiffness, breakaway force, and block position, respectively, of the ith elasto-slide element.
The Maxwell model of rate-independent hysteresis can be parameterized directly from a piecewise linear fit of the rising curve of the hysteresis from a relaxed state, as illustrated in behavior requires fitting only the initial rising curve. A rising curve fit by n linear segments will require n elasto-slide elements, and will thus require 2n parameters. For a curve fit by n linear segments, the slope of the jth segment (the localized stiffness) is given by:
where k_represents the stiffness of the ithspring in the Maxwell model. This can be expressed in a matrix form as:
v;
where sis a n x l vector of the .segment slopes, A is an n x n upper triangular matrix of ones, and k is an n x I vector of Maxwell 4 _,! " .Junt I_7 :.... wheref i is the breakaway friction force of the jth block in the Maxwell model. Rearranging gives an explicit expression for the breakaway forces:
where fis an n x 1 vector of the breakaway forces, K is an n x n diagonal matrix of the spring stiffnesses, and x is an n x I vector of the segment locations as shown in Fig. 7 . Note that since the Maxwell model is a piecewise linear approximation, increasing the number of blocks will increase the model accuracy. The number of elasto-slide elements, however, has no bearing on the order of the model, since the blocks are all massless and the springs are in parallel. Though ostensibly a mechanical formulation, the energybased constitutive relations of the Maxwell slip model are not domain-specific, and can therefore represent any rateindependent hysteretic relationship between a generalized force and generalized displacement in a lumped parameter causal form. Consequently, in addition to force and displacement, the generalized Maxwell model can represent rate-independent hysteresis between voltage and charge, temperature and entropy, and magnetomotive force and magnetic flux.
The PZT stack actuator model resulting from the aforementioned observations is shown in schematic form in Fig. 9 . The generalized Maxwell resistive capacitance, which is represented by the MRC element, resides in the electrical domain and therefore relates the element's electrical voltage to charge. The PZT model has two ports of interaction, a voltage-current port on the electrical side and a force-velocity port on the mechanical side. With respect to the mechanical side of the transformer, since the actuator model is concerned only with endpoint displacement in a frequency band within the first mechanical mode of vibration, the piezoelectric stack is assumed to have a lumped mass and a linear material stiffness and damping. The behavior of the actuator is therefore described by:
v,=v.+v
where q is the total charge in the ceramic, T is the electromechanical transformer ratio, x is the stack endpoint displacement, C is the linear capacitance in parallel with the transformer, vt is the back-emf from the mechanical side, vi,, is the actuator input voltage, v,r is the voltage across the Maxwell capacitor (which as indicated by Equation (13) is a function of q), Ft is the transduced force from the electrical domain, m, b, and k are the mass, damping, and stiffness of the ceramic, and F_t is the force imposed from the external mechanical load. The function of equation (13) relates the voltage across the MRC element to the charge in the ceramic as follows: Table 1 
where q is the charge in the ceramic, v,r is the voltage across the Maxwell capacitor, and all other variables are the electrical analogs of those given in Equations (4) and (5).
:"
Simulation and Experiment
The model was parameterized for a commercially available piezoelectric stack actuator (NEC model #AE0505D 16). This actuator operates at input voltages between zero and 150 volts (in the direction of wafer polarization), which corresponds to an endpoint displacement range of approximately 20 microns. Upon measuring the mass m of the PZT, the mechanical stiffness k and damping b can be determined by observation of the charge-displacement dynamics that are shown in Table I .
The Maxwell capacitor parameters, as given in Table 2 , were determined by piecewise linear fit of the measured voltage versus charge data. More specifically, the electrical parameters of
Equations (16) and (17), Ct and vt, were found using the methods of Equations (6) resentation, and can therefore be utilized for purposes of modelbased control analysis and design. The static hysteresis evinced by the PZT actuator was identified as energy storage coupled to rate-independent dissipation, and was faithfully represented by a generalized elasto-slip model. Despite the presence of this nonlinearity, the relationship between charge delivered to the PZT and endpoint displacement of the stack was observed to ha_c simple second-order linear characteristics.
Design and analysis of closed-loop actuator control can therefore be achieved either by incorporating nonlinear techniques with actuator voltage as command, or by utilizing linear techniques with actuator charge as command.
